A boron-containing layered hydroxy salt (LHS), ZHTMDBB, was prepared and compounded with a highly flammable synthetic polymer, poly (methyl methacrylate) {PMMA}, via melt blending: the composite structure was intercalated with poor dispersion. The effect of this LHS on the NOT THE PUBLISHED VERSION; this is the author's final, peer-reviewed manuscript. The published version may be accessed by following the link in the citation at the bottom of the page.
Introduction
Synthetic polymeric materials (SPMs) have found widespread industrial and domestic use because of their favorable properties which include low weight, high strength, and ease of processing; these properties have seen SPMs replacing traditional materials such as wood, and metals [1] . The major disadvantage of SPMs is that they are flammable; decreasing their flammability has become a major area of research. Flammability and thermal stability of polymers can be improved by blending virgin polymers with flame retardant (FR) additives. Halogen based FR were found to be effective in reducing the flammability of polymer [2] and [3] , but they have negative impacts on the environment [4] and [5] .
Major advances have been made in the search for halogen-free FR with the use of nanomaterials such as metal oxides, metal hydroxides, and metal salts being reported in the literature [6] , [7] and [8] . Cationic clays which include montmorillonite (MMT) have been the most widely studied nanomaterials and have been shown to greatly improve selected fire properties of polymeric materials [9] and [10] . Recently another class of layered materials, anionic clays, have also generated interest as potential fire retardants and the most widely investigated materials in this class are the layered double hydroxide (LDH) [11] and [12] . LDHs are materials which are related to the mineral hydrotalcite and have a general formula which is represented as [M 2+ 1−xM 3+ x(OH)2]A n− x/n.yH2O, where M 2+ is a divalent accessed by following the link in the citation at the bottom of the page. 
. Efforts to exploit the tunability of these structures for FR applications include varying the identity/chemical nature of the anion in the gallery as well as changing the intralayer metal ions composition [13] , [14] , [15] and [16] .
Other closely related classes of anionic clays, hydroxy double salts (HDS) and layered hydroxy salts (LHS), although not extensively studied as LDH, have similarly been shown to have potential as fire retardants [17] , [18] and [19] . In HDSs and LHSs, the metal hydroxide layers are composed of divalent cations represented as M 2+ and Me 2+ ). The LDH, HDS and LHS layers have a brucite {Mg(OH)2} type structure in which magnesium ions are surrounded by six hydroxide ions in an approximately octahedral geometry [20] . As is the case with LDHs, these materials offer the possibility of varying the identity of both the metal constituents and the exchangeable interlayer anion in order to enable tuning physic-chemical properties of the materials in order to optimize their performance for selected applications. Work in this lab has shown that copper-based LHSs resulted in lowering of total heat release (THR) [19] as compared to LDHs which mostly resulted in lowering of peak heat release rate (PHRR) [13] . The fact that significant reduction in THR of up to 30% can be achieved using LHS [19] suggests that with careful choice of metal ion(s) and interlayer anions, a system can be obtained in which reductions in both THR and PHRR may be achieved. However, more work is necessary with singlemetal-containing materials to better understand the role of metal ions in thermal/fire degradation processes.
Boron and boron-containing compounds such as zinc borate have been extensively investigated and enhanced fire performances, when combined with other additives, have been reported [21] . In this study, a zinc-based LHS with a boron-containing exchangeable anion was prepared and compounded with PMMA using melt intercalation to produce PMMA composite. The fire properties of the PMMA composites were evaluated using cone calorimetry. Thermogravimetric analysis (TGA) derived degradation kinetics of the PMMA composites and a correlation between observed activation energies and thermal stability was also investigated. 
Experimental

Materials
Synthesis of filler material
The precursor layered material, zinc hydroxy nitrate (ZHN), was prepared according to established methods [22] . In a typical experiment, zinc oxide (8.1 g, 0.1 mol) was added to 100 cm 3 of a 2.4 M aqueous zinc (II) nitrate solution with vigorous stirring at room temperature for 24 h. The resultant white precipitate was filtered, washed several times with deionized water and dried in a vacuum oven for 48 h at about 50 °C. {4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzoate (TMDBB)}, the exchange anion to be exchanged for the NO3 − anion in ZHN, was prepared by reacting the acid {4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzoic acid, (TMDBBH)} with an equimolar amount of sodium hydroxide in a volume of deionized water to make a 0.15 M solution. Converting TMDBBH to TMDBB is a necessary step to improve its solubility in water. The exchange reaction was accomplished by reacting ZHN (0.1 g) with 3.75 cm 3 of a 0.15 M solution of TMDBB at 40 °C for 48 h with frequent stirring. The exchange product was filtered, washed several times with deionized water and dried at 50 °C in a vacuum oven for 48 h. The exchange product is referred herein as ZHTMDBB. accessed by following the link in the citation at the bottom of the page.
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Nanocomposite preparation
The composites of PMMA and ZHTMDBB were prepared via melt blending. In this procedure, PMMA and the corresponding amount of ZHTMDBB (to give the desired percent loading) were thoroughly mixed and placed in a Brabender Plasticorder chamber at a temperature of 185 °C. The screw speed was set to 60 rpm and the blending time was 10 min. The molten composites were removed after melt blending and allowed to cool to room temperature. A reference sample of pure PMMA was subjected to the same treatment in the Brabender; without any additive. The resultant composites are identified as PMMA/ZHTMDBB-n, with n indicating the percent additive loading by mass. For example, 90 g of PMMA was mixed with 10 g ZHTMDBB to give an additive loading of 10% resulting in a composite referred to as PMMA/ZHTMDBB-10. Additive loadings were 3%, 5%, and 10% giving composites referred herein as PMMA/ZHTMDBB-3, PMMA/ZHTMDBB-5 and PMMA/ZHTMDBB-10.
FTIR and elemental analysis
Fourier transform infrared (FTIR) spectroscopy of the layered materials and the composites were obtained on a Perkin Elmer Spectrum 100 FTIR spectrometer operated at a 2 cm −1 resolution in the 4000-650 cm −1 spectral range; 16 scans were averaged. The FTIR spectra were recorded using a single reflection ATR accessory with a ZnSe prism (PIKE MIRacle™, from PIKE technology). Elemental analysis was carried out by Huffman labs, Colorado, using atomic emission spectroscopy interfaced with inductively coupled plasma (AES-ICP) for metal determination.
Powder X-ray diffraction
Powder X-ray diffraction (PXRD) measurements were recorded on a Rigaku Miniflex II diffractometer using Cu Kα (λ = 1.54 Å) radiation source at 30 kV and 15 mA. The patterns were recorded in the 2θ range of 2.0° -45.0° for powders and 2.0° -10° for composites, data acquisition was performed using a step size of 0.083° per second. Powder samples were pressed in to the trough of the glass sample holders while polymer samples were compression molded into thin rectangular plaques and mounted on aluminum sample holders.
Thermogravimetric analysis
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed on an SDT 2960 Simultaneous DTA-TGA instrument. Samples in the range of 11.0 ± 0.2 mg were cut into small pieces of approximately 100 × 120 mm and 0.4 mm thickness and heated in an aluminum crucible. Data were acquired from 50 °C to 800 °C under a constant flow of nitrogen or air, at a heating rate of 20 °C/min. For polymer kinetic analysis, various heating rates ranging from 5 °C/min to 25 °C/min were used. To study the effect of sample weight on kinetic parameters, samples containing 10% loading of the additive were used. Samples with total masses in the range of 5-20 mg were heated under nitrogen atmosphere. Measurements were performed in triplicates and the average was reported here, the temperature for a given mass loss is generally reproducible to ± 3 °C [10] .
Flammability test
Flammability analysis of the pure polymer and its composites were conducted on an Atlas Cone 2 instrument at an incident heat flux of 50 kW/m 2 with the samples in a horizontal orientation analysis. The samples were compression molded into square plaques of uniform size (100 mm × 100 mm × 3 mm) and weighing about 30 g. The reported values for each sample were the average of three measurements. The results from the cone calorimeter are generally considered to be reproducible to ± 10% [23] . Bright image field transmission electron microscopy (TEM) images were collected at 60 kV using a Zeiss 10c electron microscope.
Results and discussion
Characterization of filler material
The structure of the interlayer anion in ZHTMDBB, 4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl) benzoate (TMDBB), is shown in Fig. 1 . The elemental compositions of ZHN and ZHTMDBB, as obtained accessed by following the link in the citation at the bottom of the page. Infrared spectra of ZHN and ZHTMDBB are shown in Fig. 2 , trace (a) and trace (b) respectively. For both ZHN and ZHTMDBB, the OH stretch of the hydroxy group appears in the region from 3300 cm can be assigned to stretching vibrations of free layer hydroxy groups and the band at about 3472 cm −1 is due to the stretching of layer hydroxyl groups that are hydrogen bonded to the interlayer nitrate anion or water molecules. The broad band at about 3300 cm −1 can be assigned to the stretching of water hydroxyl groups, suggesting that ZHN has interlayer water molecules [22] . These assignments can also be used to describe the OH vibrations in ZHTMDBB. [22] and [24] appeared indicating that the nitrate group was completely exchanged with the TMDBB anion, this is in agreement with results of elemental analysis. Fig. 3 shows an overlay of the PXRD patterns for ZHN and ZHTMDBB after anion exchange. Both materials show intense 00l (l = 1-3) reflections which are equally spaced indicating that the materials are layered and possess high range ordering, at least to the third order in the c direction. The XRD profile of ZHN indicates an interlayer distance of 0.97 ± 0.01 nm and matches literature values [22] . From the Bragg equation, the new peaks (001-003) appearing upon exchange of nitrate with TMDBB correspond to an average dspacing of 1.452 ± 0.003 nm. The absence of the nitrate reflections from the ZHTMDBB trace indicates that the exchange was complete, confirming results from elemental analysis and FTIR analysis. The increase of the interlayer space, from 0.97 ± 0.01 nm in ZHN to 1.452 ± 0.003 nm in ZHTMDBB is consistent with a smaller NO3 − anion (thermochemical radius = 1.65Å) being replaced by a larger TMDBB anion (chain length = 10.9Å). The chain length of TMDBB ion was calculated utilizing the Gaussian 98 program [25] and carried out at the DFT (B3LYP) level of theory with 6-31 + G* basis set. The chain length was calculated as the inter-atomic distance between the carboxyl oxygen and the hydrogen atom of the furthest methyl group. Estimation of crystallite sizes was performed using the Scherrer equation:
Polymer
( 1) where τ is the crystallite size, κ is a constant (shape factor = 0.9 for powders), β is the full width at half maximum of the diffraction peak after correcting for instrumental broadening. λ is the X-ray wavelength. The silicon 111 peak at 28.4° was used to correct for instrumental broadening. The 001sample peaks were used to estimate the crystallite size in the c-axis dimension: 60 ± 3 nm for ZHN and 42 ± 1 nm for ZHTMDBB. Fig. 4 shows the thermal analysis plot for ZHTMDBB, obtained at a heating rate of 20 °C/minute. The DTG indicates that there is weight loss from 50 to 150 °C, corresponding to the loss of intercalated water. The weight loss at about 210 °C, corresponding to about 10% weight loss, can be assigned to the loss of adsorbed anion or the acid form of TMDBB. The decomposition of TMDBB and dehydroxylation occur simultaneously at 430 °C. The TG shows that the decomposition of ZHTMDBB results in 65% inorganic residue at the end of the thermal decomposition process. The inorganic content obtained from TG is in agreement with the value of 68% calculated from elemental analysis results, assuming that the degradation process results in the formation of zinc oxide (ZnO) and zinc borate (ZnB2O6). Fig. 5 shows PXRD profiles of ZHTMDBB and polymer composites. When ZHTMDBB was compounded with PMMA during melt blending, new reflections were observed at lower 2 theta values for all the three loadings with the interlayer distance (d-spacing) increased from 1.452 ± 0.003 nm for ZHTMDBB to 1.88 ± 0.05 nm for the composites. This is consistent with some degree of intercalation of the polymer into the LHS gallery. The PXRD patterns in Fig. 5 show at permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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least two orders of reflections indicating that the layered structure of the LHS was maintained during the compounding process. XRD alone is insufficient to characterize the quality of dispersion of the additive in a polymer matrix; transmission electron microscopy (TEM) is required since it provides direct imaging of the composites allowing visualization of the additive dispersion. Fig. 6 shows the TEM images for all the composites at both low and high magnifications. The low magnification provides information about the dispersion of the layered material in the polymer matrix while higher magnification shows weather there was intercalation or exfoliation. The TEM images at low magnification in Fig. 6 are consistent with poor dispersion and formation of microcomposites, thus good nanodispersion was not achieved here. At higher magnification, the metal hydroxide sheets, which are represented by the dark regions, seem to have aggregated and formed tactoids, which increased with increase in the additive loading.
Thermogravimetric analysis
The method of producing composites via the melt blending method has been shown not to result in significant degradation of commercial PMMA (MW 120,000) [13] . Results from thermogravimetric analysis of PMMA and its composites degraded in air and nitrogen at a heating rate of 20 °C per minute are shown in Fig. 7 and Fig. 8 respectively. The plots show that pure PMMA (commercial; MW 120,000) degradation under the heating profiles used here is a two step process regardless of the atmosphere being used which is in agreement with results obtained by other workers [26] . The two steps in the degradation of PMMA have been attributed to scission at the vinyl terminated end and to random scission of the PMMA back bone respectively [27] . The initial stabilization of PMMA in air, although not very distinct in this work, has been reported elsewhere [28] and [29] . Hirata and core workers [28] have attributed the stabilization of PMMA at early stage to the modification of the terminal double bond in PMMA, by oxygen, which results in the suppression of the end initiation process. The destabilization of PMMA by oxygen at higher temperatures, the step which is due to random scission of the chain, is due to oxygen reacting with polymer chains enhancing the random scission process. permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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The additive has a pronounced effect on the thermal behavior of PMMA degradation in air as shown in Fig. 7a . The degradation profile changed significantly, as can be observed from the DTG curves (Fig. 7b ) in which the rate of mass loss of the first step is significantly lowered in all the composites and there is a third step observed in the temperature range of 475-550 °C. The degradation in air showed that the composites were more thermally stable than the virgin polymer with the onset of degradation, corresponding to 10% conversion (T0.1) increasing by between 32 and 44 °C, depending on additive loading, and the temperature at 50% mass loss (T0.5) increases by between 26 °C and 31 °C. For the degradation in N2, shown in Fig. 8, T0 .1 was increased for all the composites by up to 9 °C and T0.5 was increased by up to 15 °C as compared to the virgin polymer. The results obtained here indicate that the additive is more effective in air than in a nitrogen environment, these results are in agreement with those reported by Lee and Viswanath, who used aluminum nitride and alumina as additives [30] , and Laachachi and coworkers, who used ZnO, Cloisite 30B [7] and antimony oxide [31] as additives. Wang et al. have attributed the increased stability of PMMA in air, as compared to nitrogen, to the stabilization of free radicals by the inorganic compounds [32] . Increased thermal stability of PMMA when compounded with anionic clays has been reported elsewhere [13] , [14] and [33] .
Details of the thermal properties of PMMA and its composites are summarized in Table 1 and Table 2 . The expected char yield was calculated from the amount of char remaining from the separately measured degradation of ZHTMDBB and pure PMMA. The percent loading of the additive was then factored in to calculate the individual contribution of the polymer and the additive. The results show that, under pyrolysis conditions, the amount of char remaining is significantly higher than the expected char yield suggesting that under these conditions, the additive enhances char formation. The char yields for the degradation in air are lower than those obtained in nitrogen and almost equal to the expected yield indicating that under thermo-oxidative conditions there is complete degradation of PMMA, these results are in agreement with those obtained by other workers [32] , [34] and [35] . Degradation of PMMA mainly results in the formation of the monomer (MMA) which is transported from the bulky material to the surface as bubbles rather than by diffusion [36] .
Although the transport of monomer does not limit the weight loss for pure PMMA, the formation of char or inorganic residue in the composites provides a barrier to the transport of MMA and should result in the transport process limiting the mass loss. The mixing of the polymer with the additive, which has about 65% inorganic content by mass, may result in the increase of thermal capacity which, together with the barrier to heat transfer due to char formation, leads to degradation of the composites occurring at higher temperatures than the pristine PMMA. Fig. 9 shows mass difference curves, ∆ mass % (difference between mass % of composites and pure PMMA) for composites in both air and nitrogen. A positive profile of the mass difference curve indicates that the composites are more stable than the pure polymer at a given temperature and the additive has thus enhanced the thermal stability of the polymer. Conversely negative profiles indicate a destabilization effect of the additive. At all levels of loadings, in both air and nitrogen, the profiles are positive in the entire temperature regime indicating that the additive has a stabilizing effect for the entire degradation temperature range. The graphs also clearly show the effect of the additive in different environment, as the environment is changed from air to nitrogen the maximum stabilization temperature shifts from around 300 °C to 420 °C and the stabilization effect is lower in nitrogen as compared to air.
Kinetic analysis
In order to get a better understanding of the degradation process and the effect of the additive on the thermal stability of PMMA, it is useful to determine kinetic parameters for the degradation process. The parameter generally found to be most useful in explaining the degradation process is the effective activation energy (Ea) which can be evaluated by carrying out kinetic analysis of the solid state reaction. For thermal methods of analysis, the techniques mainly used for the kinetic analysis are thermogravimetry (TG), differential scanning calorimetry (DSC) and differential thermal analysis (DTA). Both isothermal and non-isothermal methods can be used in kinetic experiments. Isothermal methods have a disadvantage because the sample requires time to reach the prescribed temperature and, during the temperature ramping process, the sample might undergo accessed by following the link in the citation at the bottom of the page.
transformations that are likely to affect the results, therefore the process is restricted to lower temperatures.
The methods usually employed in solid state kinetic analysis can be grouped into two; namely model fitting and isoconversional (modelfree) methods. Model-fitting methods have the inherent disadvantage of producing average (global) activation energies for the entire degradation process. Isoconversional methods do not suffer from that drawback and enables the determination of the dependency of Ea on the extent of reaction and are therefore favored over model-fitting methods [37] , [38] and [39] . Both isothermal and non-isothermal methods have been used in the determination of kinetic parameters in the degradation of polymers [17] , [29] , [40] , [41] and [42] .
Dynamic thermogravimetric analysis was employed in this study to calculate the Ea of PMMA and its composites by making use of the multiple heating rate kinetics (MHRK). Accordingly, a series of experiments were conducted at varying heating rates ranging from 5 °C/min to 25 °C/min. The Flynn-Wall-Ozawa method [43] incorporating Flynn's correction to the Doyle approximation [44] (referred herein as the cFWO method) together with the Friedman [45] and the Kissinger [46] methods were used in the calculation of the Ea.
The Flynn-Wall-Ozawa method can be written in a simplified form expressed as: (2) In the above expression, f (α) is a conversional functional relationship; A is the pre-exponential factor (min −1 ); Ea is the activation energy (kJ mol −1 ); R is the molar gas constant; β is the heating rate (°C/min) and T is the temperature (K).
The above equation can be rewritten as follows [41] ; (3) accessed by following the link in the citation at the bottom of the page.
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From the linear form above, the isoconversional plot of log (β) vs 1/T should result in a straight line in which the Ea can be extracted from the slope. To obtain this simple equation, Flynn, Wall and Ozawa utilized the Doyle's approximation of the exponential integral [47] , however this may result in significant errors of the calculated activation energies. Flynn proposed a correction to the Doyle's approximation by using tabulated correction factors, which reduces the error of the calculated Ea [44] . Fig. 10 shows a plot of the Ea, estimated from the isoconversional plots for the degradation of PMMA and the composites in nitrogen. The TGA and DTG curves for the degradation of PMMA and the composites in nitrogen ( Fig. 8) shows that the degradation occurs in two steps which were assigned to end initiation from the unsaturated double bonds at the end of the chain and random scission of the chain respectively [27] . The onset of the degradation process for pure PMMA, which corresponds to 10% mass loss, has an Ea value of 143 kJ mol −1 . The Ea value increases gradually as the degradation process continues up to a value of 168 kJ mol −1 at 30% conversion, and then drops to 164 kJ mol −1 at 35% conversion, which corresponds to the transition from the first step to the second step of degradation. The Ea then increases to 184 kJ mol −1 at 40% conversion as the second step of degradation start, and this increase is maintained throughout the latter part of the process up to a value of 329 kJ mol −1 at 90% conversion. The results obtained here are consistent with the mechanism of PMMA degradation whereby the first step is initiated from weak links therefore has a lower Ea than the second step which is due to random C-C scission.
Hu and Chen [48] carried out a study to determine the effect of weak links on the degradation of PMMA polymerized by using different initiators {lactans, thiols and 2,2′-azobisisobutyronitrile (AIBN)} producing PMMA with different end groups. Free radically polymerized PMMA had unsaturated end group and degraded in two steps; they observed that the activation energy of the first step was lower than that of the second step (151-146 kJ mol −1 for 5-20% weight loss as compared to 218-222 kJ mol −1 for 80-90% weight loss). The Ea values obtained by Hu and Chen [48] agree qualitatively with those obtained in this work in that the first step has lower activation energy than the second step. The same general trend was also observed by Peterson et al. who reported effective Ea values of 190 kJ mol −1 for the first step and 230 kJ mol −1 for the second step [29] . Hirata et al. [28] did accessed by following the link in the citation at the bottom of the page.
14 isothermal analysis of PMMA (obtained by free radical polymerization) and concluded that both steps follow first order kinetics with activation energy of the first step lower than that of the second step (31 kJ mol −1 and 210 kJ mol −1 respectively). The low Ea for the first step has, however, been attributed to volatilization of impurities by Holland and Hay [49] . It is important to note that the activation energies of the degradation process depend largely on the polymerization methods which determine the nature of end groups [49] .
The effect of the additive can clearly be seen in Fig. 10 , in which the composites have a significantly higher initial Ea at low conversion, corresponding to the first step of degradation, and lower activation energy towards the end of the reaction. The Ea of the composites at 3% and 10% loading show the same trend and the Ea values are not significantly different, this suggests that the level of additive loading does not have a significant effect on the Ea values. The activation energy of the composites are higher at the onset of degradation (10% conversion) with PMMA/ZHTMDBB-10 having a value of 190 ± 10 kJ mol −1 and that of pure PMMA being 142 ± 4 kJ mol −1 . During the early part of the second degradation step, the Ea values of the composites and pure PMMA are not significantly different up to 80% conversion where the activation energies of the composites drop below those of pure PMMA. This trend was also observed by other workers [50] , and can be explained by considering that the additives act as barrier to heat and mass transfer thereby retarding the degradation process. The barrier effect require close contact between the polymer matrix and the additive, as the degradation process proceeds this close contact decreases leading to decrease of Ea of the composites. The effect of additives on the Ea of PMMA under nitrogen atmosphere has been investigated by many workers and the general trend of additives increasing the Ea has been observed, some additives increasing the Ea over the entire degradation process [35] , [50] , [51] and [52] .
The dependence of Ea on the extent of reaction for the degradation of PMMA and its composites in air is shown in Fig. 11 which indicates that the degradation in air follows the general trend as in nitrogen with the additive increasing the Ea of the first step. The activation energies of the first degradation step of the pure polymer in air are comparable to those in nitrogen, ranging from 136 to accessed by following the link in the citation at the bottom of the page.
15
148 kJ mol −1 in air and 136-164 kJ mol −1 in nitrogen for 5-35% conversion. The activation energies of PMMA in air at higher conversions, corresponding to the second degradation step, are significantly lower than those obtained in nitrogen. These results are consistent with those obtained by Chang and Wu [34] who observed that the Ea in air at low conversion was significantly higher than in nitrogen (217-172 kJ mol −1 in air and 125-160 kJ mol −1 in N2 for conversions of 10-30%). The order reversed at higher conversions (145-140 kJ mol −1 in air and 175-190 kJ mol −1 in N2 for 40-70% conversion), with the transition being at about 35% conversion. This is consistent with the effect of oxygen on the degradation of PMMA; oxygen has been postulated to have a stabilizing effect on the first step and a destabilization effect on the second step [29] . The additive had the effect of increasing the activation energy of the first step of degradation, but did not have a significant effect on the Ea of the second step. The additive may act by stabilizing or scavenging the free radicals generated during the initial stages of the thermal oxidative degradation process thereby increasing the barrier for reaction to occur. It was also noted that the additive resulted in much higher increases of the activation energy in air than in nitrogen (from 142 kJ mol −1 to 250 kJ mol −1 in air compared to 143 kJ mol −1 to 190 kJ mol −1 in nitrogen at 10% conversion) which is consistent with the additive stabilizing free radicals generated during thermal oxidative degradation.
The Friedman method is a differential isoconversional method for the calculation of Ea which is based on the rate of weight loss as a function of temperature. The method is based on the following equation (4) Using the above equation, the activation energy is obtained from the slope of a plot of natural logarithms of the rate of weight loss at different heating rates against reciprocal absolute temperature at a given weight loss. Activation energies obtained using the Friedman method follow the same trend obtained by using the cFWO method. Fig. 12 shows the comparison of the Friedman method and cFWO method for the degradation of PMMA and PMMA/ZHTMDBB-10 in nitrogen. The same trend was observed for Ea values for the Polymer Degradation and Stability, Vol. 95, No. 9 (September 2010): pg. 1593-1604. DOI. This article is © Elsevier and permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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degradation under air (data not shown here). The third method used to determine the activation is the Kissinger method in which only the temperature at maximum rate of weight loss is required for computing Ea [46] . The Ea is calculated according to the following expression (5) where ϕϕ is the heating rate, Tm is the temperature at the maximum rate of weight loss, R is the universal gas constant, E is the activation energy, A is the pre-exponential factor, Wm is the weight of the sample at the maximum rate of weight loss, and n is the apparent order of the reaction with respect to the sample weight. The Ea is obtained from the slope of a plot of ln (ϕϕ/Tm 2 ) against 1/Tm at various heating rates. As can be seen from Fig. 7 , the DTG for the first step of composites degraded in air exhibit a shoulder and it is difficult to accurately determine the exact temperature of maximum rate of degradation, as such it was not possible to calculate the activation energy for composites degraded in air. Table 3 gives a summary of the of Ea values obtained from the Kissinger method, the results are consistent with results from the cFWO and Friedman methods in that the activation for the first step in the degradation of PMMA in nitrogen is lower than that of the second step (180 kJ mol −1 as compared to 274 kJ mol −1 for the second step). Also the activation energies of the composites are higher for the first step of degradation as compared to pure PMMA, the value obtained here for the second step agrees with that obtained by Hirata et al. [28] who obtained 224 kJ mol −1 . The results from the Kissinger method also shows that PMMA degraded in air does not show much difference in the activation energies of the two steps which is consistent with what was obtained with the other methods.
It has also been noted that values of activation energies obtained for polymer degradation vary widely depending on molecular weight, sample thickness, polymerization conditions and sample weight used in the TGA analysis [49] , [53] and [54] . For the work reported here, sample size and morphology are expected to be most important. The influence of sample weight on the degradation of PMMA/ZHTMDBB-10 in nitrogen atmosphere was investigated using sample weights (w) ranging from 5 mg to 20 mg; the data were analyzed using cFWO method. Results shown in Fig. 13 indicate that the activation energy is not significantly different at low w (5 mg and 11 mg), but the difference is significant when w is increased to 20 mg. The results suggests that for low sample weights (5-11 mg) the mechanism of degradation remains the same or diffusion of molecules (especially products of decomposition) is not affected and product (monomer) recombination is not significant. When w was increased to 20 mg the Ea values obtained increased significantly, the increase being more pronounced during the second step of the degradation process which is due to random scission of the chain. This increase could be due to the large sample size affecting heat and/or mass transfer. Comparable results were obtained by Carrasco and Pagès who analyzed the degradation of polystyrene using TGA sample weights ranging from 6.0 to 25 mg, they observed an increase of Ea from 128 kJ mol −1 to 161 kJ mol −1 when the sample weight was increased from 6 mg to 25 mg [53] . Further work needs to be done to fully understand the effect of sample weight on kinetic parameters of PMMA degradation. In addition the effects of sample preparation on morphology, and subsequent impact on observed Ea, also require further investigation.
Flammability properties
The effect of the additive on the flammability of PMMA was investigated by making use of cone calorimeter. The parameters obtained from the cone calorimeter which are relevant to the evaluation of additive as flame retardant include the heat release rate (HRR), peak of HRR (PHRR), total heat release (THR), smoke production (reported here as average specific extinction area, ASEA), and time to ignition, (tig). The ideal additive will result in the lowering of PHRR, THR, ASEA, and an increase in the time to ignition (tig). The heat flux of 50 kW/m 2 was chosen in an aim to simulate the radiant heat in a developing fire [55] so as to assess the fire retarding performance of the additive during the development of fire. The HRR curves for the composites are spread over a wider range as compared to pure PMMA showing that the composites burn for a longer time. The integration of the area under the respective curve for each composite and pure PMMA gives the total heat release (THR). The accessed by following the link in the citation at the bottom of the page.
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additive did not significantly reduce the THR, this has been reported by other workers [14] who used LDH additives. The summary of cone calorimetry data presented in Table 4 shows that the additive resulted in a significant increase in the average smoke produced (ASEA). The amount of smoke produced increased as the level of loading increased, this could be due to the presence of benzene ring on the additive which may increase the amount of smoke produced. The important feature of Fig. 14 and the summary of results presented in Table 4 is the significant lowering of the peak heat release rate by up to 48% for PMMA/ZHTMDBB-10. The reduction of PHRR obtained here is comparable to values obtained for LDH systems [14] , [26] and [33] and this shows that the LHS system studied here is equally effective in reducing PHRR of PMMA as LDH systems. The lowering of the PHRR or increase in the limiting oxygen index has been shown to correspond with the increase in the production of char for condensed phase FR [1] and [9] . Work reported by Martín et al. and Armitage et al. have shown that incorporating boron into polymers lead to an increase in char production and a corresponding increase in the limiting oxygen index [56] and [57] . The combustion process of polymers involves heating the polymer using an external heat source and this result in the decomposition of the polymer. For PMMA the initial product of the decomposition is the monomer (MMA) and small amounts of other products such as propylene and acetone [58] and [59] . The MMA molecules then further decomposes producing volatile (combustible) compounds (methane, methanol, formaldehyde and acetylene) which then undergo oxidation, releasing heat which is then fed back to the bulk polymer causing further decomposition of the polymer thereby sustaining the flame even when the external heat source has been removed. For an additive to be effective as a fire retardant, it should be able to break the above cycle. This can be achieved in a variety of ways which include; (i) improvement of thermal stability of the polymer, (ii) dilution and subsequent quenching of the flame, and (iii) providing a barrier for heat and mass transfer [41] ZHTMDBB might act by diluting and quenching the flame by generation of non combustible materials such as CO2 and water from decomposition of the additive. In addition, the char produced during the burning process may act as a barrier to heat and mass transfer reducing the diffusion of combustible products of decomposition, or a combination of the two mechanisms. permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier.
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The burning of pure PMMA is characterized by bubbling and cracking of the surface which enhances the transport of pyrolysis products to the surface thereby enhancing the degradation process [1] and [58] . The reduction in PHRR observed in this work can be attributed to char production, the char acts as a protective layer and a barrier to heat and mass transfer. With this in mind, the production of a continuous layer of char covering the whole surface should, in principle, lead to a much higher improvement in PHRR as well as other flammability measures such as the limiting oxygen index (LOI). A continuous barrier does not allow degradation products below the heated surface to be exposed to the fire during cone calorimetry test or external heat flux in the gasification process. Kashiwagi et al. [1] showed that additives which crosslinked and formed a network char structure produced better improvements in flammability behavior than additives which formed aggregates and pillars. The morphology of the char formed when anionic clays are used varies with the metal constituents of the clays, the intercalated anion and the polymer, in some instances char covering the whole surface can be obtained resulting in greater reduction in PHRR and sometimes small aggregates spread throughout the surface are observed [13] and [60] .
The charring process in this work exhibited significant pillaring whereby there is initial char formation on the surface of the polymer and as the degradation continues, cracks form on the surface and bubbles from underneath the surface escape; the pillars can be observed in Fig. 15 . The movement of these bubbles results in the coagulation of the char, forming discrete pillars which grew as the burning progressed. The coagulation of the char into pillars may be the results of the poor dispersion of the LHS in the polymer, as indicated by TEM images discussed previously.
The pillars obtained in this work had two distinct regions: the top part which was white/light gray in color and the lower part which was black. Samples from these two regions showed the following elemental compositions; white part: 71.81% Zn, 0.35% C, 13.65% O, 3.25% B, < 0.05% N, < 0.05% H. For the white sample at the top of the pillar, the mole ratio of Zn:B was thus found to be 3.6:1 and that of Zn:C was 37.7:1. For the black, lower part, of the pillar elemental analysis determined a relative composition of: 70.99% Zn, 0.47% C, 14.72% O, 3.01% B, < 0.05% N, < 0.05% H. In the lower part of the accessed by following the link in the citation at the bottom of the page.
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pillars, the mole ratio of Zn:B was thus found to be 3.9:1 and that of Zn:C was 27.7:1. These results indicates that the black part had greater carbon content than the white part; this might be due to carbonaceous char which was formed at the lower part of the pillar. As the material started to decompose the char started to form pillars as explained above, as the char limited heat and matter transfer carbonaceous particles began to form underneath the char resulting in the black part of the char, this is supported by the idea that as the char grew carbonaceous materials were trapped under the char and the ratio of Zn:C differs in the two regions of the char. The stacking of the char can be clearly seen in Fig. 15 which shows the char formed after cone calorimetry tests, the amount of char, size of the char pillars and the surface coverage of the aluminum foil holder increased with the loading of the additive. The cracking of the char and formation of char pillars exposed the polymer and degradation products to the fire during the burning process and this resulted in the char not providing sufficient protection to effectively reduce the burning of the polymer. The char in this case served to slow the flow of combustibles thereby reducing flame intensity as shown by the reduction in PHRR, however the amount of polymeric material which is combusted is not significantly affected as evidenced by the small reduction in THR observed (Table 4 ). Fig. 16 shows the XRD profile for PMMA/ZHTMDBB-10 residue/char after cone calorimetry test which reveals the presence of ZnO phase (PDF # 36-1451) and zinc borate (ZnB2O6) phase (PDF # 27-983) [61] . Zinc borate could have been formed by the reaction of zinc oxide and oxides of boron formed from the oxidation of boron during the burning process [62] . Since zinc borates have been shown to reduce the flammability of polymers, further studies are required to investigate the contribution of the zinc borate phase to the reduction in PHRR observed in this study.
Conclusions
The ZHTMDBB layered additive exhibited some intercalation by PMMA when melt blended, with poorly dispersed additive tactoids observed in TEM images. The thermal stability, degradation kinetics and fire properties of PMMA and its composites with ZHTMDBB have been studied by TGA and cone calorimetry. TGA results showed that there was significant increment in T10 and T50 for all the composites as accessed by following the link in the citation at the bottom of the page.
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compared to the pristine PMMA in both air and nitrogen and the additive has more stabilizing effect in air as compared to nitrogen and this has practical benefits in that fires occurs in an oxygen environment. The degradation kinetics of PMMA and the composites showed that the additives increased the activation energies for the first step in the degradation; the activation energies of the second step in air were not significantly affected but in nitrogen the Ea was reduced at higher conversion. The activation energy for the degradation in air is lower than in nitrogen for the second step but for the first step the activation energies were not significantly different. All three methods used in this study were in agreement. The additive significantly reduced the peak heat release rate (PHRR) of PMMA, despite pillaring of the char. Similar to most LDHs, it did not reduce THR. Further optimization is necessary to decrease smoke production.
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